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absence of an external stimulus (Waters et al., 2014). Hallucinations can be present in 

different sensory modalities such as visual, auditory, olfactory, tactile and gustatory 

hallucinations, but can also occur in multiple sensory modalities at the same time; the 

so-called multimodal hallucinations. 

Hallucinations are common and stressful in many psychiatric, neurologic and perceptual 

disorders disturbing daily life, reducing quality of life of patients and caregivers, and 

increasing mortality (Blom and Sommer, 2011), while current treatment of hallucinations 

is far from optimal. In current clinical practice, treatment with medication is selected in 

accordance with guidelines for the underlying diagnostic entity, not on the underlying 

mechanism of hallucinations per se (Sommer et al., 2018). However, one subtype of 

hallucinations may occur in several different disorders, while patients with the same 

diagnosis may experience different subtypes of hallucinations (Figure 1). Understanding 

the pathophysiological mechanism of (subtypes of) hallucinations may provide new 

opportunities for treatment and enable rational choice of pharmacotherapy in a 
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Figure 1. 
Left: different subtypes of hallucinations are present within one disorder, which are treated according 

underlying pathophysiological mechanism. This may aid discovery of treatment options, irrespective of 
the underlying disorder, per subtype of hallucinations.

Part I of this dissertation builds on a wealth of studies exploring neurophysiological 

signatures of visual hallucinations across neurological and perceptual disorders by 

using electroencephalography (EEG-) and magnetoencephalography (MEG-) based 

functional connectivity and network analysis, and machine learning algorithms. The 

work presented here explores visual hallucinations in Alzheimer’s disease (AD), 

dementia with Lewy bodies (DLB), Parkinson’s disease (PD) and visual impairment, 

and aims to gain insight into common underlying neurophysiological mechanisms of 

visual hallucinations in these disorders. In part II of this dissertation, the potential 

reducing hallucinations and other symptoms is explored. Since most of the studied 
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of life, and depressive symptoms, the effect of physical exercise as a therapeutic 

intervention on these general sequelae is also evaluated.

PART I

Visual hallucinations

Visual perceptual experiences can be divided into three broad categories: veridical 

perception, illusion, and hallucination. A given percept is veridical when it can be judged 

as such within the context of our social world that manifests sense-data (i.e. mind-

dependent objects with exactly the properties they appear to have, and of which we are 

directly aware in perception) in our mind (Stanford Encyclopedia of Philosophy: https://

plato.stanford.edu/entries/sense-data/). An illusion means seeing things differently than 

they actually are, and a visual hallucination means seeing something that is not there 

(Blom and Sommer, 2011).

as seeing people, animals and/or objects) hallucinations. An important feature of VH is 

that they are generally experienced against the background of a veridical perception, 

which means for example that a hallucinated person is perceived as standing against an 

hallucinator is (partly) aware of his or her actual surroundings (Collerton et al., 2015). 

Alzheimer’s disease

AD, the most common type of dementia, is a progressive neurodegenerative disorder 

characterized by extracellular deposition of beta-amyloid plaques, intracellular 

AD is often characterized by loss of episodic and working memory, impairment in 

executive functioning, problem solving, and language, and neuropsychiatric symptoms 

(McKhann et al., 2011). Hallucinations and delusions can complicate the course of AD, 

with prevalence rates ranging from 6% to 41% for hallucinations and 9% to 59% for 

delusions (Zhao et al., 2016a). Both delusions and hallucinations in AD are associated 

with increased risk of cognitive and functional decline (Fischer et al., 2015; Scarmeas 
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et al., 2005), whereas hallucinations are associated with higher caregiver burden, 

institutionalization, and increased mortality (Scarmeas et al., 2005; Wadsworth 

et al., 2012; Yaffe et al., 2002). It remains unclear why some AD patients develop 

hallucinations while others remain unaffected. Likewise, the neurobiological substrate 

reduced activity in the frontal inhibitory control regions hampers memory retrieval as 

an explanation for the presence of hallucinations in AD (El Haj, 2016), whereas Burke 

et al (2016) showed that apolipoprotein (APOE) 4 allele, a genetic risk factor for AD 

dementia, is associated with hallucinations (Burke et al., 2016). Also, serotonin and 

dopamine receptor polymorphisms have been related to hallucinations in AD (Tampi 

et al., 2011). Moreover, imaging studies examining the correlates of hallucinations in 

cortical thickness in the lateral parietal cortex (Donovan et al., 2014), involvement of 

the right anterior-posterior network and the anterior insula (Blanc et al., 2014), visual 

cortex atrophy (Holroyd et al., 2000), and parietal as well as frontal and temporal lobe 

studies, on the other hand, describe a poor correlation between hallucinations in 

correlation with the presence of Lewy bodies (Ballard et al., 2004; Fischer et al., 2015; 

Jacobson et al., 2014), which suggests that AD patients with hallucinations might be 

cases of atypical presentation of DLB (McKeith et al., 2016).

Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder, with degeneration 

of dopaminergic neurons in the substantia nigra, and clinically characterized by brady-

hypokinesia, rigidity, tremor, postural instability, but also psychotic symptoms (Daniel 

and Lees, 1993). VHs form the most common psychotic symptom in PD (Ffytche 

et al., 2017). In early-stages, patients mainly experience passage hallucinations (i.e. 

seeing a face in the trunk of a tree), and sensed presence hallucinations (i.e. feeling 

that someone is present when nobody is there). In later stages, complex VHs occur 
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with preserved insight, with prevalence rates ranging from 22-38% (Fenelon and 

Alves, 2010). As the disease progresses, patients develop delusions (i.e. false beliefs) 

and insight becomes impaired (Ravina et al., 2007). Hallucinations in other sensory 

modalities (i.e. multimodal hallucinations) have been reported in both early and late 

phases of the disease (Fénelon, 2008; Goetz et al., 2011; Rivka Inzelberg et al., 1998; 

Katzen et al., 2010; Kulick et al., 2018). The hallucinations tend to occur several times 

a day, lasting seconds to minutes at a time, and occur during times of low ambient 

stimulation, mostly in the evenings (Ffytche et al., 2017; Ravina et al., 2007). 

For decades, VHs in PD were considered to be a drug-induced phenomenon, the 

so called ‘dopamine-induced psychosis’. However, the relationship between anti-PD 

medication and VHs remains a controversial issue with lack of direct causal relationship 

of VHs  (Ffytche et al., 2017; Ravina et al., 2007). Several mechanisms and involvement 

of multiple brain regions and networks have been proposed in the pathophysiology of 

VH in PD (Ffytche et al., 2017; Shine et al., 2014a, 2011). First, cognitive impairment 

has been strongly associated with and the most consistently reported risk factor for 

VH in PD (Fenelon and Alves, 2010; Hepp et al., 2013; Lenka et al., 2017b). In addition, 

excessive daytime sleepiness and the presence of Rapid Eye movement (REM) sleep 

Behavior Disorder has been associated with VH in PD (Lenka et al., 2017a). Second, in 

neuropathological studies, the presence of higher Lewy bodies load in the amygdala and 

parahippocampal gyrus, but also in the frontal, temporal and parietal cortex is noted 

in PD patients with VHs (Harding et al., 2002), which points towards the presence 

of Lewy bodies disease in these patients. Third, structural, functional and metabolic 

imaging studies report atrophy of the visual cortex extending into the ventral and 

dorsal visual stream (Goldman et al., 2014; Ramírez-Ruiz et al., 2007; Watanabe et 

al., 2013), and posterior cortical areas (Goldman et al., 2014). However, gray matter 

reduction in frontal (Gama et al., 2014; Ibarretxe-Bilbao et al., 2010; Sanchez-Castaneda 

et al., 2010; Shin et al., 2012; Watanabe et al., 2013; Zhong et al., 2013), hippocampal 

(Ibarretxe-Bilbao et al., 2008) and other subcortical brain regions (Shin et al., 2012; 
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Watanabe et al., 2013) have also been found. In addition, inconsistent results have 

been found in functional imaging studies, with both functional MRI and metabolic 

imaging studies reporting hypo- and hyperactivation (Holroyd and Wooten, 2006; 

Meppelink et al., 2010; Ramírez-Ruiz et al., 2008; Stebbins et al., 2004), and hypo- and 

hypermetabolism in occipital, frontal and temporal brain areas (Boecker et al., 2007; 

Gasca-Salas et al., 2016; Nagano-Saito et al., 2004; Oishi et al., 2011; Okada et al., 1999; 

Park et al., 2013), respectively. Moreover, VHs in PD have been associated with greater 

connectivity in the default mode network (Yao et al., 2015, 2014). Finally, cholinergic 

et al., 2007; Dagmar H. Hepp et al., 2017; Matsui et al., 2006; Meppelink et al., 2009; 

Park et al., 2013; Stebbins et al., 2004).

Dementia with Lewy bodies

Like Parkinson’s disease dementia (PDD), dementia with Lewy bodies (DLB) belongs to 

the spectrum of Lewy bodies dementia, signifying underlying alpha-synuclein deposits 

in neurons accompanied by neuronal loss (Z. Walker et al., 2015a). The clinical 

distinction between PDD and DLB is based on the timing of the onset of dementia and 

parkinsonism according to the one-year rule: DLB is diagnosed when dementia appears 

before, or no longer than one year after the development of parkinsonism (McKeith 

with variations in alertness and attention, formed VHs, REM sleep behavior disorder, 

and one or more features of parkinsonism (McKeith et al., 2017). VHs occur in up to 

80% of DLB patients and typically feature people or animals (McKeith et al., 2017). 

Similar to PD, Lewy bodies deposition in the amygdala and parahippocampal gyrus 

has been associated with VHs in DLB (Harding et al., 2002). Structural MRI studies 

report cortical thinning in posterior regions with greater involvement of the dorsal 

attention areas in DLB patients with VHs (Delli Pizzi et al., 2014; Sanchez-Castaneda 

network (DMN), ventral and dorsal attention network, and greater involvement of the 

right hemisphere in VHs in DLB (Delli Pizzi et al., 2014; Franciotti et al., 2006; Onofrj 

1
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et al., 2013). Moreover, reduced occipital glucose metabolism has been associated with 

the frequency and severity of VHs in DLB (Firbank et al., 2016). 

Visual impairment

Patients with visual impairment may also experience VH, known as the Charles Bonnet 

2005). CBS is characterized by (complex) VH in the presence of acquired vision loss 

in cognitively intact individuals with retained insight in the unreal nature of their 

hallucinations. CBS is considered a diagnosis of exclusion, ruling out other etiologies 

vision loss (Gordon, 2016; Kinoshita et al., 2009; Teunisse et al., 1996) and associated 

with negative outcome in terms of quality of life, functional ability, and distress in 

approximately one third of the patients (Cox and Ffytche, 2014). Again, it remains 

unclear why some patients with visual impairment develop hallucinations while others 

remain unaffected. To date, little work has been done to investigate the neural basis 

of hallucinations in visual impairment (Carter and ffytche, 2015; ffytche et al., 1998). 

visual impairment (Carter and ffytche, 2015), whereas only one fMRI study has been 

done in this patient group in which a correlation was found between the contents of 

hallucinations and the functional anatomy of the occipital cortex (ffytche et al., 1998). 

Interestingly, VH acuity has been proposed as one of the most important risk factors 

for VH in eye disease indicating the presence of  two possible theories that might 

explain the occurrence of VH in visual impairment, the deafferentiation (Painter et 

al., 2018) and the cortical release phenomenon (Kazui et al., 2009) theory (discussed 

below).
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Hypotheses underlying visual hallucinations

‘…or art thou but, A dagger of the mind, a false creation, Proceeding from the heat-oppressed 

brain?’ 

- Macbeth, Act II Scene I - 

any one of them. Although the underlying disorders giving rise to VH are different, 

underlying mechanisms of these hallucinations might be similar. Understanding the 

all VH. Considering the above-mentioned disorders, an explanation of VH would 

at least need to encompass disturbances in different neurotransmitter systems and 

impairment in mechanisms controlling attention and arousal. Several different models 

or theories have been proposed to explain the origin of VH, which will be discussed 

below: 

Deafferentiation theory

The deafferentiation theory indicates the process in which brain regions that receive 

input from the peripheral visual system lower their detection threshold for neuronal 

might be false positive and perceived as a vision without the presence of an external 

source; a VH (Burke, 2002; Painter et al., 2018). 

Cortical Release Phenomenon

The cortical release phenomenon indicates that external visual stimuli normally inhibit 

irrelevant subconscious images from gaining access into conscious perception. In 

case of sensory deprivation, the threshold to suppress these irrelevant subconscious 

perceptions cannot be reached (i.e. disinhibition), which causes ‘release’ of the 

subconscious perceptions into consciousness, resulting in VH (Ashwin and Tsaloumas, 

2007; Cogan, 1973). 

1
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Top-down and bottom-up processing

One main characteristic of the human brain is its hierarchical organization, thoroughly 

seen in the sensory systems such as the visual system involving primary visual areas 

that receive sensory input and secondary or higher visual areas that are involved in 

visual information processing (Friston and Kiebel, 2009). According to the free-energy 

principle, introduced by Karl Friston, the brain attempts to minimize the amount of 

free-energy or ‘surprise’ in the perception of sensory input by continuously updating 

and optimizing predictions of incoming sensory input (Friston and Kiebel, 2009). In 

case of discrepancy between the actual and the expected sensory input (i.e. ‘prediction 

errors’ in bottom-up information), the prediction error causes an update in the prior 

expectations (i.e. top-down predictive information) to reach a state of equilibrium 

between hierarchical predictions and sensory input (Friston and Kiebel, 2009). 

Visual attention and selection has been conceptualized to be controlled by the 

integration of goal-oriented top-down (Kloosterman et al., 2015; Sarter et al., 2001), 

and sensory-driven bottom-up attentional mechanisms (Sarter et al., 2001). Top-down 

mechanism refers to an active or ‘feedback’ attentional process that is driven by 

prior information from higher brain areas involving memory, individual goals and prior 

expectations. Bottom-up processing is a passive or ‘feedforward’ attentional process 

that is driven by the characteristics of the external stimulus and its sensory context 

(Sarter et al., 2001). 

The basal forebrain cholinergic system, consisting of medial septal nucleus, the diagonal 

band nuclei, the nucleus basalis of Meynert (NBM), and the substantia innominate (SI), 

plays a crucial role in attention (Figure 2). The NBM and SI serve as the major sources 

of cholinergic projection to the neocortex and amygdala (Ballinger et al., 2016; D.H. 

Hepp et al., 2017). The NBM can be subdivided into three divisions with each division 

and cingulate cortex, the intermediate division innervates the parietal and occipital 

cortex, and the posterior division innervates the temporal pole and the superior 

part of the cholinergic input and plays a key role in attentional performances exerting 
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top-down control over sensory cortical areas (Ballinger et al., 2016; Bloem et al., 2014). 

In addition to the PFC, the parietal cortex has been shown to exert top-down control 

over the visual cortex (Beck and Kastner, 2009). 

Figure 2. The cholinergic systems of the brain. 
The basal forebrain cholinergic system includes the medial septal nucleus (MS), the diagonal band nuclei 
(DB), the nucleus basalis of Meynert (NBM), and the substantia innominate (SI). Major cholinergic 
projections from the basal forebrain project to the cerebral cortex and the amygdala (not shown here). 
The brainstem also contains a cholinergic system, of which the pedunculopontine nucleus (PPN) forms the 
largest part. Cholinergic projections from the brainstem project mainly to the thalamus. Figure adapted 
from (Newman et al., 2012). 

stating that dysfunctional integration of the top-down attentional and bottom-up 

perceptual processing might be the core mechanism underlying recurrent complex 

VH (Collerton et al., 2005). 

According to the PAD model, in normal scene perception, external sensory input 

activates a number of ‘proto-objects’ (i.e. generic representations), which are initially 

not in the conscious awareness. These proto-objects compete with each other to 

1
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processes. Correct functioning of the top-down attentional processing allows only one 

proto-object to enter conscious visual attention. In case of VH, impaired attentional 

control and poor sensory activation of the correct proto-object biases selection 

of an incorrect object. Inhibition of cholinergic input, modulator of the interaction 

between top-down and bottom-up processing, increases the risk of incorrect proto-

object selection and thus hallucinations (Collerton et al., 2005). In line with the PAD 

model, neither impaired attention nor impaired sensory activation alone will result 

in hallucinations (Collerton et al., 2005). The neurophysiological counterpart of the 

PAD model is the so called framework of ‘global neuronal workspace’ (Dehaene and 

Naccache, 2001). This framework postulates that conscious perception of information 

occurs only when incoming information enters a neuronal workspace (i.e. information 

gains access to conscious processing). The entrance of incoming information into a 

global brain state is mediated by top-down attentional processing, which involves 

coherent activity of many distributed brain areas, in mainly the prefrontal, parieto-

temporal and cingulate cortices (Dehaene et al., 2003; Dehaene and Changeux, 2011; 

Dehaene and Naccache, 2001).

In an attempt to explain the presence of visual misperceptions and hallucinations in 

PD, Shine et al proposed a novel attentional network model that VH in PD might arise 

from the failure to activate the goal-directed dorsal attention network (DAN) in the 

presence of an ambiguous percept (Shine et al., 2011). During normal vision, the DAN 

is involved in top-down voluntary orientation of attention towards externally driven 

percepts (e.g. locations of features) and deactivation of the default mode network 

(DMN), whereas the ventral attention network (VAN, also named salience network) 

is involved in rapidly re-orienting attention towards unattended or unexpected salient 

stimuli (Corbetta and Shulman, 2002). The DAN and VAN densely interact to enable 

network, which is active in the so called ‘resting-state’ condition during which 

recollection and manipulation of episodic memory occurs (Andreasen et al., 1995; 

Raichle, 2015). According to the attentional network model, in the presence of a salient 

stimuli, the brain undergoes a rapid transition from a resting (involving the DMN) to an 
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active state (involving the VAN). Impaired signaling between the DMN and VAN results 

in perceptual errors, which are normally corrected by the DAN. However, according 

to the model, failure to activate the DAN would result in reinforcement of ‘incorrect’ 

perceptions as the DAN fails to ‘check’ these perceptions (Shine et al., 2011). 

In spite of the presence of VH as a shared symptom across different types of disorders 

and the presence of various underlying hypotheses for VH, imaging research has not 

the underlying mechanism(s) of VH. In order to further our understanding of VH 

more knowledge on the underlying pathophysiological mechanisms of VH is required. 

Therefore, we need a method that can objectively and directly measure brain activity, 

and thus can provide insight into functional processes underlying VH. 

Electroencephalography (EEG) and Magnetoencephalography 
(MEG)

cortical activity systematically (Hari and Puce, 2017; Schomer and Da Silva, 2012). EEG 

each other) induced by the same electrical current in the human brain (Lopes da Silva, 

2013). Both EEG and MEG are noninvasive techniques that directly measure neuronal 

activity with high temporal resolution (Hari and Puce, 2017). EEG measures differences 

in electrical potentials (i.e. voltage differences) on the scalp that are generated by 

post-synaptic electric currents of synchronously activated neuronal populations. 

generated around these post-synaptic electric currents outside the head (i.e. 20mm 

above the scalp) with Superconducting QUantum Interference Devices (SQUIDs), 

1
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sources (Hari and Puce, 2017). Whereas EEG is sensitive to extracellular currents and 

both tangential and radial components of a current source, MEG is more sensitive to 

primary intracellular currents and tangential components of a current source (Figure 

3) (Lopes da Silva, 2013). 

Figure 3. Radial and tangential oriented currents.
Red: radial current. Blue: tangential current (orthogonal or at 90o to the radial current)

theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz) and gamma (30-48 Hz, mainly analyzed 

in MEG) band (Figure 4). These rhythms are ideally suited to study human brain activity 

related to different cognitive and behavioral processes as frequencies are often related 

to the transmission time of a signal coming from a certain brain area: low frequency 

oscillations tend to modulate activity from long-distance connections between brain 

regions, whereas high-frequency oscillations modulate activity in localized cortical 

regions  (Buzsaki, 2006; Hari and Puce, 2017; von Stein and Sarnthein, 2000). However, 

it is also important to know where in the brain a signal of interest is generated, the 

so-called inverse problem. In EEG and MEG multiple neighboring recording sensors 
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separated sources may be mixed in a single sensor, and passive spread of current 

may occur due to the electrical conduction properties of the human head (known 

as volume conduction). Together, these factors can result in erroneous estimates of 

functional connectivity and complicate interpretation of results (Hari and Puce, 2017). 

Possible solutions to this problem are to project sensor-space data into source-space 

with source reconstruction methods while taking into account the spatial resolution 

(i.e. how well two sources can be separated) of an imaging technique, and to use 

methods that correct for signal leakage (Colclough et al., 2016). The spatial resolution 

of EEG and MEG varies from centimeters for EEG to millimeters for MEG (Hari and 

activity in a target brain area as the weighted sum of all the sensors, passing brain 

activity from a certain location while attenuating activity from all the other locations. 

One main assumption of beamforming is that spatially distant neuronal sources are 

considered linearly independent (Hillebrand and Barnes, 2005). In this dissertation, 

for MEG, the beamformer approach is used to localize brain activity. For EEG, analysis 

are performed at sensor-level.

Figure 4. Different rhythms of the brain

1
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Spectral analysis

comprises the frequency or spectral analysis. In spectral analysis, an EEG or MEG 

signal is transformed from the time domain to the frequency domain, and the power 

(amplitude squared) of a signal is represented as a function of the frequency (Engels 

et al., 2017). Relative power (i.e. power in a certain frequency band divided by the 

total power) and peak frequency (i.e. the frequency with the highest amplitude in 

the spectrum) form the hallmark of spectral analysis. In healthy individuals, the peak 

frequency is within the alpha band, around 10 Hz (Schomer and Da Silva, 2012). With 

aging, a decrease of the alpha peak below 8.0 Hz, a more than 5% increase in delta 

activity, or more than 10-15% increase in theta activity are considered to be abnormal 

(Klass and Brenner, 1995; Schomer and Da Silva, 2012).

Functional connectivity and brain networks

The human brain is a highly complex communication system with billions of neurons 

(Bullmore and Sporns, 2009). This complex neural system can be investigated with 

functional connectivity analysis to gain insight in how different brain regions are 

(functionally) interconnected, and with graph theory to study the organization of the 

brain as a network (known as network topology). Given the high temporal resolution 

of EEG and MEG, neurophysiological assessment of functional connectivity with EEG 

and MEG provides a direct measure of neuronal activity (Stam and van Straaten, 2012). 

Importantly, these functional connectivity analyses are needed to construct functional 

brain networks (Stam and van Straaten, 2012). Disruption in functional brain networks 

are associated with neurological diseases (Stam and van Straaten, 2012).

Functional and effective connectivity

(or synchronization) between neural activity of spatially distant brain areas during 

communication between these brain regions (Friston, 2011). Effective connectivity is 

a model-based concept that refers to the causal effects of one neural system over 



25

General Introduction

regions (Friston, 2011). Both functional and effective connectivity are time-dependent. 

Over the past few decades, several functional and effective connectivity measures have 

been developed, see (Bastos and Schoffelen, 2016) and (Colclough et al., 2016) for an 

overview. Deciding on the most appropriate connectivity measure to be used in EEG 

and MEG analysis requires consideration of several methodological issues (van Diessen 

et al., 2015). In this dissertation, the Phase Lag Index (PLI) and the leakage-corrected 

Amplitude Envelope Correlation (AEC-c) have been used as functional connectivity 

measures to study functional interactions between brain regions in a resting-state 

condition. See the different chapters in this dissertation for an explanation of the PLI 

and AEC-c. 

Functional brain networks

Graph theory, a branch of mathematics, represents the brain as a graph or network 

consisting of a set of nodes which are linked to each other by edges (links or connections) 

(Bullmore and Sporns, 2009). Graphs can be subdivided into different categories: a 

binary graph indicates only the presence or absence of an edge (connection) between 

two nodes, whereas a weighted graph represents the strength of functional interaction 

between two nodes. When edges indicate a direction of causal effect between two 

nodes, the graph is called directed (Figure 5) (Stam and van Straaten, 2012).  

1
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Figure 5. Visualization of graph elements and different categories of graphs
A graph or network consists of two elements: nodes (upper left) and edges or links between nodes (upper 
right). (A) A binarized and undirected version of the graph or network. All edges have the same thickness, 
indicating only the presence or absence of a connection between two nodes. (B) A directed version of 
the binarized graph depicted in A. Directionality between nodes is represented with arrowheads. (C) 
A weighted version of the undirected graph shown in A. Weight or strength of the connection between 
nodes is represented by variations in edge thickness. (D) A directed version of the network depicted in 
C. Arrowheads between nodes represent directionality. Edge thickness between nodes represent weight 
or connection strength. 

A large number of measures have been developed to characterize the organization of 

in a brain network, and measures that characterize node importance (Bullmore and 

Sporns, 2009). See (Rubinov and Sporns, 2010) for an overview of frequently used 

network measures. However, as described by (van Wijk et al., 2010) and (Hallquist 

and Hillary, 2018), comparison of network topologies is accompanied by several 

methodological issues which can lead to misinterpretation of results (Hallquist and 

Hillary, 2018; van Wijk et al., 2010). Differences in network size (i.e. number of nodes in 

a network), average degree (i.e. number of connections of a node), and network density 

(i.e. percentage of links present in the network) can cause spurious comparisons 

between networks, which cannot be completely solved by normalization procedures 

or the use of weighted networks (Hallquist and Hillary, 2018; van Wijk et al., 2010). 

One promising solution to this problem is the so-called minimum spanning tree (MST). 

The MST represents a subgraph of the network containing the strongest connections 

without forming loops (Stam et al., 2014). In other words, an MST includes all nodes 

(= N) of the original network but only N-1 edges. In a weighted network, all edges are 
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sorted from the lowest to the highest weight and edges are added to the tree working 

from lowest weight edge upwards until one MST is formed. In the MST itself, the edge 

weights are discarded making the MST binary in which an edge does or does not exist. 

In this way, weighted networks with same N but with unique weights result in unique 

MSTs that are comparable (Stam et al., 2014). 

Machine learning

algorithms that can learn from and make predictions on data (Flach, 2012). It can 

learning. Supervised learning involves prediction of a known output and mainly focuses 

Kotsiantis et al., 2006). Both types of learning require input variables, also known as 

features. In particular, supervised learning provides predicting algorithms that can learn 

from observations making supervised learning suitable to deal with highly experimental 

methods, decision trees are a popular group of nonlinear machine learning methods. 

Decision trees classify data by sorting them based on the feature values (Geurts et 

al., 2009). 

In this dissertation, an ensemble-learning method that constructs more than one 

decision tree, known as random forest algorithm, was applied. Random forest, 

developed by L. Breiman, constructs a multitude of decision trees, and each decision 

tree is built using a bootstrap sample (i.e. a new training set), with replacement, from 

the original set of features (i.e. training set) (Breiman, 1999). Each new training set 

of features is randomly drawn from the original dataset of features (Figure 6). This 

bootstrap aggregating (i.e. bagging), and random feature selection helps in reducing the 

in random forest the cross-validation is done internally and there is no need for an 

independent test set to estimate the generalization error of the training set (Breiman, 

1999). 

1
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Figure 6. Random forest algorithm. 
Each decision tree in a random forest is constructed using a random sample of features from the original 
set of features (i.e. training set), after which the features are put back in the original training set. This 

trees can be grown for each forest.

PART II

Treatment for hallucinations

Current clinical practice

Hallucinations are common in chronic brain disorders. Currently, clinical treatment 

of hallucinations, regardless of the underlying modality, is far from optimal (Sommer 

et al., 2018). Cognitive behavioral therapy (CBT), one of the most frequently 

investigated psychological interventions, does not reduce the presence or frequency of 

hallucinations, but rather aims to improve insight and modify behavior thereby reducing 

the emotional reaction and distress in response to the hallucinations (Thomas et al., 

2014). CBT has been proven effective for auditory verbal hallucinations (AVH) with an 

effect size of 0.4, while evidence for the effectiveness of CBT for VH is lacking (Lincoln 

and Peters, 2018; Waters et al., 2014). Brain stimulation in the form of transcranial 

magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS), has 

only been reported in two cases (Koops and Sommer, 2017; Shiozawa et al., 2013). 

Pharmacological treatment for hallucinations targets different neurotransmitter 

systems including dopamine, serotonin, and cholinergic system, but is largely based 

on trial-and-error rather than deeper understanding of the underlying mechanisms 

(Sommer et al., 2018). 
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Like hallucinations, several other symptoms are common in chronic brain disorders. 

with reduced QoL (Berrigan et al., 2016; Karow et al., 2016; Ready et al., 2008; van 

Uem et al., 2015), high prevalence of depressive symptoms, and cognitive dysfunction 

(Feinstein, 2011; Pfeiffer, 2016). These sequelae are interdependent, as depressive mood 

Conde-Sala et al., 2016; Feinstein, 2011; Pfeiffer, 2016; Ready et al., 2008; van Uem 

et al., 2016). Moreover, these general sequelae are associated with various adverse 

consequences such as poor treatment compliance, loss of independence and even 

mortality (Adamson et al., 2015). Whereas the current clinical practice tends to 

disease, psychosis in schizophrenia), patients regard QoL and depressive mood as more 

(Fayers and Machin, 2013). Therefore, improvement of these common features should 

also become an important target in treatment of chronic brain disorders. 

Physical exercise

Physical exercise (PE) has been reported to protect and restore the brain by inducing 

changes in neuroplasticity (van Praag, 2009; Voss et al., 2013c). Neuroplasticity is the 

capacity of the nervous system to change its structural and functional organization in 

response to changes in normal development, changes in environment and damage to 

the nervous system (Hötting and Röder, 2013). Neuroplasticity involves neurogenesis 

(i.e. the formation of new neurons), angiogenesis (i.e. growth of new blood vessels), 

synaptic plasticity (i.e. changes in synaptic strength) (Butz et al., 2009; Voss et al., 

2013c), and structural plasticity (i.e. change in number of synapses and neurons, and 

branching patterns of axons and dendrites) (Butz et al., 2009) through production and 

upregulation of neurotrophic factors (i.e. growth factors that induce development, 

function and survival of neurons) such as brain-derived neurotrophic factor (BDNF), 

vascular endothelial growth factor (VEGF), and insulin-like growth factor 1 (IGF-1) 

1
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(Huang et al., 2014). Blood levels of BDNF are highly correlated with BDNF levels in 

the central nervous system (CNS) as BDNF easily crosses the blood-brain barrier (Pan 

neuronal survival and synaptic plasticity of the cerebral cortex and the hippocampus 

al., 2014; Voss et al., 2013c, 2010). PE mediated increase in VEGF, a hypoxia-induced 

angiogenic factor, promotes the proliferation of brain endothelial cells and angiogenesis 

(Van Praag, 2008; Voss et al., 2013c).  IGF-1 is involved in maintenance of neuronal 

cells through its antiapoptotic properties, inhibiting neuronal cell death (Cassilhas et 

al., 2016). 

neuroprotection (Svensson et al., 2015). Additionally, microglia cells, the immune cells 

of the CNS, are also affected by PE. PE switches the expression of microglia cells from 

et al., 2017). IGF-1 has been related to the activation of this M2 subtype of microglia 

cells and thus involved in neuroprotection (Di Benedetto et al., 2017; Svensson et al., 

2015). 

PE in animals has been associated with increased neurogenesis and synaptic plasticity 

in the hippocampus (Cotman et al., 2007; van Praag, 2009; Voss et al., 2013c). These 

Cotman et al., 2007; Voss et al., 2013c). In healthy aging populations, physical activity 

has been reported to improve cognitive functioning and depressive symptoms, and 

delay neurodegeneration (Cotman et al., 2007; van Praag, 2009). Exercise has also 

been associated with changes in regional brain volume and integrity (Voss et al., 2013c) 

The above-mentioned exercise-induced effects on the brain have been replicated in 

both healthy and clinical populations, showing increased brain volume in grey and 
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white matter regions, increased white matter integrity in frontal and temporal lobes, 

increases in BDNF, reduction in depressive symptoms, and improvement in cognitive 

functioning in young and old (Cerrillo-Urbina et al., 2015; Colcombe et al., 2006; 

Erickson et al., 2011; Groot et al., 2016; Hirsch et al., 2016; Knapen et al., 2015; Knöchel 

et al., 2012; Smith and Blumenthal, 2010; Stroth et al., 2009; Voss et al., 2013b). 

The above-mentioned studies suggest that physical exercise as intervention might 

sequelae such as QoL, mood, and cognition across disorders. However, current 

of the regular care offer for patients with chronic brain disorders in most countries. 

1
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AIMS AND OUTLINE 

PART I

General aim

The general aim of part I of this dissertation is to expand our understanding of the 

of visual hallucinations by using EEG and MEG, and state of the art methods for 

neuroimaging analysis comprising functional connectivity and network analysis, and 

machine learning algorithms. 

Research questions

1. Are there changes in EEG- and MEG-based spectral analysis, functional connectivity 

mechanisms that may underlie VH in the following disorders?:

 a. Alzheimer’s disease

 b. Dementia with Lewy bodies

 c. Parkinson’s disease

 d. Visual impairment 

2. To what extent are these neurophysiological changes common across the above-

mentioned disorders?

Outline

in chapter 11. 

Since part I of this dissertation studies four different disorders (AD, DLB, PD, visual 

impairment), the chapters are ordered per disorder. 
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all in chapter 2, we assessed the prevalence and characteristics of hallucinations in 

AD in a tertiary memory clinic.

In Chapter 3, we aimed to investigate the diagnostic value of quantitative EEG in 

discriminating DLB from AD by using a state-of-the-art machine learning technique, 

random forest algorithm. 

After evaluating the discriminative ability of EEG, in chapter 4, we used 21-channel 

EEG to investigate neurophysiological indicators of hallucinations in AD patients with 

hallucinations, and compared them with non-hallucinating AD and DLB patients. 

In chapter 5

VH) in DLB could be caused by disruption in the direction and strength of causal 

used 21-channel EEG and investigated directed connectivity in DLB with a novel phase-

based measure for directed connectivity, Phase Transfer Entropy (PTE), and compared 

group differences to the pathophysiology of DLB. 

In chapter 6, we used source-space MEG and performed spectral analysis to study 

PD patients with multimodal hallucinations and PD patients without hallucinations. 

In chapter 7, we elaborated further on the MEG dataset described in chapter 6. We 

analyzed differences between PD patients with only VH, PD patients with multimodal 

hallucinations and PD patients without hallucinations with respect to both functional 

connectivity (measured with PLI and AEC-c) and brain network organization (measured 

with MST). 

To gain insight into possible pathophysiological mechanism(s) of VH in patients with 

visual impairment, in chapter 8, we explored possible neurophysiological changes 

underlying VH in Charles Bonnet Syndrome. We used 64-channel high-density EEG 

1
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and explored changes in brain network organization between visually impaired patients 

with and without hallucinations. 

PART II

General aim

The general aim of part II of this dissertation is to evaluate the potential role of physical 

exercise as therapeutic intervention in reducing hallucinations, and improving cognition, 

QoL and depressive symptoms in chronic brain disorders. 

Research questions

1. Is physical exercise an effective therapeutic intervention in reducing hallucinations?

2. Is physical exercise an effective therapeutic intervention in improving QoL, 

3. Is physical exercise safe as a therapeutic intervention?

Outline

In chapter 9

intervention in reducing hallucinations in patients with schizophrenia spectrum 

disorder. Since hallucinations are by far more common in schizophrenia and reduced 

physical capacity in patients with schizophrenia is strongly related to clinical symptoms, 

we investigated the therapeutic role of physical exercise in this patient group. 

Chapter 10 addresses the second and third research question. We performed a 

transdiagnostic systematic review and meta-analysis of randomized controlled trials 

to evaluate the therapeutic potential of physical exercise in improving cognition, 

QoL, and depressive symptoms in six chronic brain disorders: Alzheimer’s disease, 

Huntington’s disease, Multiple Sclerosis, Parkinson’s disease, Schizophrenia, and 

Unipolar Depression. We performed both transdiagnostic and within disorder analysis. 

In addition, we investigated the safety of physical exercise. Given the transdiagnostic 

character of the quantitative review we also evaluated the effect of several continuous 
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and categorical moderators such as the type of exercise, intensity of exercise, exercise 

time (in minutes/week), total length of the exercise period (in weeks), and age. 

In Chapter 11

general discussion, implications for clinical practice and recommendations for future 

research.
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